. These findings have led to the hypothesis that INA bacteria limit supercooling of plants (13, 14, 20 centrifuged at 2000g for 10 min at room temperature. Pellets were resuspended in sterile, distilled H20 and adjusted to 0.3 A at 600 nm (about 4 x 108 cells/ml). All experiments were conducted with strain W-l unless specified otherwise.
Many plants do not tolerate freezing and must remain supercooled to survive temperatures below 0°C. Therefore, the ice nucleating agents responsible for initiating freezing in plant tissues are of primary importance.
Levitt (8) concluded that supercooling was probably limited to 1 to 3C in nature due to an abundance of ice nuclei. Schnell and Vali (19) reported a naturally occurring ice nucleus associated with decomposing vegetation that was later identified as an epiphytic bacterium (4, 17) . The bacterium, Pseudomonas syringae, is widely distributed, both geographically and in host range (7, 12) . Subsequent studies have revealed ice nucleation activity by Pseudomonas viridiflava (18) , Pseudomonasfluorescens (16) , and 'Erwinia herbicola (13) . Frost damage to tomato (1, 2, 10) , soybean (2) , and corn seedlings (10, 13, 18) was increased by inoculation with ice nucleation active (INA) bacteria. Similarly, leaves and leaf disks from diverse plant taxa froze at higher temperatures when INA bacteria were present (6, 14) . These findings have led to the hypothesis that INA bacteria limit supercooling of plants (13, 14, 20) . Several 15 10-,ul drops per treatment was determined with a thermoelectric plate as previously described (2) . Freezing temperatures were recorded after 0, 3, 6, and 9 h incubation of the resuspended cells at each growth temperature. In addition, replicates were placed in a bath at the inductive temperature of 4°C at 0, 3, and 6 h to be tested after 3 h intervals. Exposure to 4°C was found to optimize ice nucleation activity by P. syringae (2) (Fig. 1) . The rate of decrease varied between repetitions of the experiment. Transferring replicates to an inductive temperature (4°C) did not restore nucleation activity, but prevented a further decrease in freezing temperature. The ice nucleation temperature of bacteria grown and held at 27°C decreased from -8 to -10°C over 9 h after streptomycin was added. Incubation at 4°C raised freezing temperatures initially, but had no effect after 3 h. Cells grown at 330C nucleated ice at -9.5°C just after streptomycin was added. Median freezing temperatures were not reached by -1 5°C in two-thirds of the measurements following further incubation at 33°C.
Temperature-induced declines in freezing temperature were reversible in the absence of streptomycin. Median ice nucleation temperatures of cells grown at 21C, then held at 33°C dropped from -3 to -80C (Fig. 2) (Fig. 3) . However, cells exposed to streptomycin exhibited declining TMs over 30 d. Median freezing temperature dropped from -3.1 to -4.9C after 5 d and to -5.8°C after 16 d (Fig. 3) .
Effect of Desiccation. Filter paper disks kept in a 108 cells/ml suspension of bacteria exhibited median freezing temperatures warmer than -3°C throughout the course ofthe experiment (Fig.  4) Effect of UV Radiation. The median ice nucleation temperature of cells exposed to a lethal dose of UV radiation dropped 3°C relative to untreated controls (Fig. 5) . Similar 
DISCUSSION
The freezing temperature of suspensions of dead P. viridiflava cells varied with lethal treatment. Ice nucleation activity of streptomycin-killed cells was determined mainly by preconditioning temperature. Cells grown and held at temperatures considered optimal for ice nucleation retained activity for several days. However, the freezing temperatures had dropped sufficiently by 7 d to probably be of limited consequence in plant freezing under most conditions. Dead cells that were held at 21C and warmer rapidly and irreversibly lost ice nucleation activity. These findings were consistent with work done by Yankofsky et al. (20) with an Erwinia herbicola-like INA bacterium. On the other hand, Maki et al. (17) reported that activity of P. syringae was not destroyed by streptomycin. However, 10' cells/ml survived antibiotic treatment in that study.
In the present study, it was not likely that changes in freezing temperature of cell suspensions could be attributed to reductions in viable cells in control treatments held at warmer temperatures. This was due, in part, to the high concentration of bacteria used. A concentration of 108 cells/ml is several orders of magnitude greater than the threshold concentration necessary for ice nucleation (data not presented). Furthermore, declines in freezing temperature were reversed by holding suspensions at an inductive temperature. Therefore, changes in freezing temperatures probably resulted from alterations at ice nucleation sites, not in the number of sites.
It was noted that streptomycin-treated cells nucleated ice at warmer temperatures upon incubation at 4°C immediately after addition of the antibiotic. No increases in freezing temperature were observed after 3 h even at inductive temperatures. The initial effect may have been due to the persistence of viable cells. Since streptomycin is a protein synthesis inhibitor, it is possible that a turnover of protein had to occur before conditioning effects were no longer observed. Evidence along this line came from respiration experiments. 02 uptake was not reduced 50% until 1 h after streptomycin was added to a suspension of P.
viridiJlava (data not presented). The effect of streptomycin suggests that increases in ice nucleation activity induced by temperature preconditioning are metabolically mediated, rather than purely physical events.
Cells exposed to a desiccation stress retained considerable activity, nucleating ice at about 1°C colder than control cells.
Continued exposure to very low RH resulted in stabilization of median freezing temperatures between -4 and -4.5°C. However, no nuclei active above -3.5 persisted, based on the freezing temperature of the warmest drop. The fact that resaturation did not restore activity to the level of controls suggested that the effect was not solely due to the loss of water. The decrease in freezing temperature preceded loss of viability by all of the cells. The viability test employed was able to detect live bacterial cells present in very low numbers. Although the death rate was not determined, an inconsequential number of viable cells may have been detected.
Although cells held in a desiccator for 14 d nucleated ice at a lower temperature following exposure to 33°C (data not presented), neither control nor desiccated cells nucleated ice at a warmer temperature following subsequent exposure to the inductive temperature of 4°C. These results suggest that desiccated cells lose ice nucleation activity in the temperature range associated with plant frost damage upon exposure to 33°C for 3 h. However, the question of how long live cells in stationary phase retain the ability to respond to an inductive temperature treatment remains to be answered.
Cells killed by UV radiation exhibited an immediate drop in freezing temperature, even larger than observed in desiccated cells. Similar to streptomycin-treated cells, warm-temperatureinduced loss of ice nucleation activity in UV-killed cells was rapid and irreversible. A previous study found that freeze damage to orange leaves was reduced by exposure to a germicidal lamp (20) . The authors concluded that irradiation inactivated INA organisms. The present study did not conclusively prove that the effect of UV radiation on ice nucleation activity resulted from loss of viability rather than a direct effect on the subcellular ice nucleating site. However, less intense, nonlethal doses of UV radiation did not produce the same results (data not presented).
It (1) . The ice nucleation activity of dead P. viridiflava cells was determined by the lethal treatment and preconditioning temperature. The greatest residual activity resulted from desiccated cells held at 5°C. However, even this treatment removed all ice nuclei above -3.5°C. Under optimal conditions, streptomycin-killed cells retained activity for a few days. At warm temperatures, both streptomycin-and UV-treated cells rapidly and irreversibly lost ice nucleation activity. Further work will be needed to determine whether other species of INA bacteria behave similarly.
